Lauroyltransferase gene (lpxL), Myristoyltransferase gene (lpxM) and palmitoyltransferase gene (crcA) of Escherichia coli BL21 were independently disrupted by the insertional mutations. The knockout mutant of two transferase genes (lpxL and crcA) produced lipid A with no lauric or palmitic acids and only a little amount of myristic acid. The mutant was susceptible to polymyxin B, but showed comparable growth with the wild-type strain at 30°C. The palmitoyltransferase gene from E. coli (crcA) or Salmonella (pagP) was amplified by PCR, cloned in pUC119, and transferred into the double-knockout mutant by transformation. The transformant contained palmitic acid in the lipid A, and recovered resistance to polymyxin B. Mass spectrometric analysis revealed that palmitic acid was linked to the hydroxyl group of 3-hydroxymyristic acid at C-2 position of proximal (reducing-end) glucosamine. LPS from the double-knockout mutant showed reduced IL-6-inducing activity to macrophage-like line cells compared to that of the wild-type strain, and the activity was only slightly restored by the introduction of palmitic acid to the lipid A. These results suggested that the introduction of one palmitic acid was enough to recover the integrity of the outer membrane, but not enough for the stimulation of macrophages.
Lipopolysaccharide (LPS) of gram-negative bacteria is a strong immunostimulant, and its hydrophobic portion, lipid A, is known to be a center for immunological activities (1) (2) (3) . The lipid A of Escherichia coli contains asymmetric acyloxyacyl structure formed by 3-hydroxymyristic acid (3-OH-C 14:0 ) and lauric acid (C 12:0 ) or myristic acid (C 14:0 ), and these branched structures of hydrocarbon chains are important for the recognition of lipid A by the specific receptor molecule, TLR4 (4, 5) . These structures are also important for the integrity of the outer membrane of bacteria, because the full construct is required for the molecule to be transferred from cytoplasm to the surface of the cytoplasmic membrane to continue the biosynthesis of LPS (6) . However, the mutants of E. coli with the disrupted acyltransferase genes that are needed to form the acyloxyacyl structure can be obtained (7) (8) (9) (10) . In most cases, such mutants show impaired growth at 37°C.
In addition to acyltransferases that transfer C 12:0 and C 14:0 to 3-OH-C 14:0 at the C2' and C3' positions of the distal (non-reducing end) glucosamine (GlcN), E. coli, Salmonella, and other members of Enterobacteriaceae have palmitoyltransferase, which transfers palmitic acid (C 16:0 ) from phosphatidylethanolamine to 3-OH-C 14:0 at the C2 position of the proximal (reducing-end) GlcN. This acyltransferase is located in the outer membrane, and deduced to adjust the hydrophobicity of the outer membrane (11) . It also contributes to the survival of the bacteria in the environment or in the host cells, especially in the case of Salmonella (12, 13) .
The relation between the number of lipid A acyl chains and formation of the acyloxyacyl structure is important not only for the immunostimulatory activity of lipid A, but also for the membrane permeability and drugsusceptibility of the bacteria. The structure-activity relation of lipid A focusing on the acyloxyacyl structure has been well studied by Japanese and German research groups (14) (15) (16) in relation to the combination of chemical synthesis and biological assay, but few attempts have been performed to construct or modify the lipid A structure using acyltransferase genes by means of genetic engineering. In the present study, we constructed a mutant of E. coli that produces lipid A with little amount of acyloxyacyl structure, and tried to produce lipid A with an artificial structure by palmitoyltransferase genes, which usually work at the late stage of LPS biosynthesis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and reagents E. coli BL21 was used as a wild-type strain for the disruption of acyltransferases. E. coli DH5a was used as a host strain for cloning and manipulation of recombinant plasmids. E. coli strains used in this study were purchased from Takara Bio (Shiga, Japan). E. coli strains were cultured in LB medium with or without antibiotics (50 mg/mL). All vector plasmids except pUC4K (GE Healthcare Japan, Tokyo, Japan), restriction enzymes, and other reagents for genetic engineering were also from Takara Bio. The suicide vector plasmid, pCVD442, was kindly provided by H. Matsui (Kitasato University, Kitasako, Japan) (17) . DNA primers used in these experiments were purchased from Eurofins Genomics (Tokyo, Japan).
Construction of acyltransferase-knockout mutants
Lauroyltransferase gene (lpxL) of E. coli was amplified by using F-primer: 5 0 -GC-TCTAGA-ACACTGGCATGGT GTACGGTT-3 0 , and R-primer: 5 0 -GC-TCTAGA-ATA GGGGTGTCATTTTCACAG-3 0 with XbaI restriction sequences at 5 0 -ends, and inserted into the XbaI site of pUC118. Kanamycin (KM)-resistant gene in pUC4K was amplified by using F and R primers with CpoI restriction sequences, digested with CpoI, and inserted to the CpoI site located in the middle of lpxL. The construct of lpxL with KM-resistant gene in the middle (lpxL-KM) was transferred to the XbaI site of pCVD442, and the constructed suicide plasmid was introduced to E. coli BL21 by conjugation. Then, a mutant with disrupted lpxL produced by homologous recombination (KGU0145) was selected.
Similarly, myristoyltransferase gene (lpxM) was amplified by using F-primer: 5 0 -ATGC-TCTAGA-GGTAATA CCGGACGTTCAA-3 0 and R-primer: 5 0 -ATGC-CTGC AG-ACCTGACTGCTCTCTATCG-3 0 with XbaI and PstI restriction sequences at 5 0 -ends, respectively, and inserted between XbaI and PstI sites of pUC119 0 , whose SphI site was modified by digestion, blunting, and ligation. As described above, the KM-resistant gene was amplified with primers with SphI restriction sequences, digested with SphI, and inserted into the SphI site located in the middle of lpxM. Using the same suicide vector plasmid, pCVD442, a mutant with disrupted lpxM (KGU0221) was selected.
For the construction of the double-knockout mutant, the palmitoyltransferase gene of E. coli (18, 19) (crcA), homologous to pagP, was amplified by using F-primer: 5 0 -AGTC-GGATCC-GGAGCTCAATGAAT GTCAGC-3 0 and R-primer: 5 0 -ACTG-CTGCAG-GC TGACGTATCTTACAGAGC-3 0 with BamHI and PstI restriction sequences at 5 0 -ends, respectively, and inserted between BamHI and PstI sites of pUC119 0 . The chloramphenicol (CM)-resistant gene in pSTV28 was amplified by using primers with SphI restriction sequence, digested with SphI, and inserted into the SphI site located in the middle of crcA. The construct of crcA with the CM-resistant gene (crcA-CM) was amplified with primers with XbaI restriction sequences, and transferred to the XbaI site of pCVD442. The resulting suicide plasmid was introduced to lpxLknockout mutant KGU0145, and lpxL, crcA-double knockout mutant (KM and CM resistant) (KGU0377) was finally obtained.
Growth rate measurement
The growth rate of wild-type and mutant strains was measured by the optical density (OD) at 660 nm. The overnight culture (2 mL) was inoculated to 200 mL LB broth, and cultured with reciprocal shaking (80 cycle/ min) at 30°C or 37°C. One milliliter of the culture was taken at every hour, and OD at 660 nm was recorded. The experiments were repeated several times, and the representative data were used as results.
Susceptibility test toward polymyxin B
The wild-type and mutant strains were cultured for 16 hr, and a portion of diluted culture (approximately 10 5 cfu) was inoculated to 1 mL of LB broth containing serially diluted polymyxin B. The cultures were incubated by standing at 37°C, and judged after 24 hr.
Preparation of LPS and C-1 dephosphorylated lipid A
LPS was extracted from dry cells of E. coli strains grown at 37°C by classical 45% hot-phenol method (20) , and treated with RNase and Proteinase K when LPS was submitted to IL-6 assay. For mass-spectrometric analysis, LPS or mild-alkaline treated LPS (hydrolysis condition described below) was hydrolyzed in 0.1 M HCl at 100°C for 30 min, and the precipitate was dialyzed and lyophilized to obtain C1-position dephosphorylated lipid A (de-P-lipid A). De-P-lipid A was further treated with NaBH 4 at room temperature for 16 hr to reduce the reducing-end GlcN to glucosaminitol, if necessary.
Chemical analysis
Fatty acids in LPS were liberated by acid condition (4 M HCl, 100°C, 5 hr) and methyl-esterified in 5% HCl/ CH 3 OH (Kokusan Chemical, Tokyo, Japan) at 85°C for 2 hr, or liberated by mild-alkaline hydrolysis (pH12 adjusted by triethylamine, 100°C, 2 hr) and methylesterified with TMS-diazomethane (0.1 mL) (GL Sciences, Tokyo, Japan) mixed with CH 3 OH (0.4 mL). Fatty acid methyl esters were analyzed by GC-2014S (Shimadzu, Kyoto, Japan) equipped with a capillary column CBP1 (Shimadzu). De-P-lipid A preparations were analyzed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) (AXIMA-CHR plus, Shimadzu), using 2,5-dihydroxybenzoic acid (for proteome research, Wako Pure Chemical Industries, Osaka, Japan) as matrix with reflectron mode. Positive or negative ions were detected with each ion-detection mode.
IL-6 assay
Human macrophage cell line U937 (Japanese Cancer Research Resources Bank, Tokyo, Japan) and murine macrophage cell line RAW264.7 (American Type Culture Collection, Manassas, VA, USA) were used for assay of IL-6 induction. RPMI1640 with L-glutamine and HEPES (Wako Pure Chemical Industries), supplemented with 1% penicillinstreptomycin mixed solution (Nacalai tesque, Kyoto, Japan) and 10% heart-inactivated FBS (Biosera, Nuaille, France) was used as culture medium for U937 cells. Cells were cultured at cell density of 5 Â 10 5 cells/mL for 3 days with 100 nM phorbol myristate acetate (Sigma-Aldrich, St. Louis, MO, USA), and stimulated with LPS, as described previously (21) . RAW264.7 cells were cultured (1 Â 10 6 cells/mL) in Dulbecco's Modified Eagle's Medium (Wako Pure Chemical Industries) with 1% penicillin-streptomycin mixed solution and 10% heart-inactivated FBS. Only adherent cells were used for assay. Culture supernatants obtained after 6 hr incubation were used for a sandwich ELISA (BD Biosciences, Franklin Lakes, NJ, USA) to measure IL-6 content. SE was calculated from triplicated ELISA data of one representative experiment.
RESULTS

Construction of double-knockout mutant and transformants
In order to construct mutant strains without acyloxyacyl structure in lipid A, lpxM or lpxL disrupted mutants (KGU0221 and KGU0145) were first constructed (Table 1) . In order to avoid the increase of C 16:0 transferred by palmitoyltransferase (crcA product), the double-knockout (lpxL and crcA defective) mutant KGU0377 was constructed from KGU0145, and used as a host strain for the incorporation of palmitoyltransferase gene. Palmitoyltransferase genes of E. coli (crcA) and Salmonella (pagP) were cloned into pUC119, and introduced into KGU0377 by transformation to obtain KGU0381 and KGU0431, respectively. The mutant strains and transformants constructed in this study are summarized in Table 1 . 
Fatty acid composition of LPS
LPS of the wild-type and mutant strains grown at 37°C was extracted, and fatty acid composition was measured. As shown in Table 2 , KGU0221 reduced the amount of C 14:0 , and KGU0145 reduced that of C 12:0 , as expected, as the results of the disruption of each acyltransferase gene. KGU0145 also reduced the amount of C 14:0 (Table 2 ) probably because C 14:0 is transferred to lipid A intermediate after C 12:0 (22) , and therefore could not be efficiently transferred to the intermediate if C 12:0 was not present in that molecule. However, the amount of C 16:0 in LPS of these strains was slightly increased compared with that of KGU0107, because these strains still had functioning palmitoyltransferase gene. On the other hand, the double-knockout mutant KGU0377 reduced the amount of both C 12:0 and C 16:0 . LPS of KGU0381 and KGU0431, transformants with plasmidencoded palmitoyltransferase genes, contained increased amounts of C 16:0 , and the amounts of C 12:0 and C 14:0 were still very low; that is, as low as that of KGU0377 ( Table 2) .
Recovery of growth rate and polymyxin B susceptibility by palmitoyltransferase gene
The growth rate of the double-knockout mutant KGU0377 was compared with that of the wild-type strain KGU0107. At 37°C, KGU0377 showed an obviously slower growth rate than that of KGU0107 (Fig. 1a) . This result was reasonable because mutations of acyltransferases were assumed to reduce the biosynthesis rate of LPS. However, KGU0377 showed comparable growth when the temperature was lowered to 30°C (Fig. 1b) . Compared to KGU0377, the transformants with plasmid-encoded palmitoyltransferase gene (KGU0381 and KGU0431) showed rapid growth as the wild-type strain, and reached a plateau after 4 hr shaking at 37°C, and 8 hr at 30°C.
As the influence of acyltransferase-mutations seemed to be large at a higher temperature, the susceptibility toward polymyxin B was measured at 37°C. Minimum inhibitory concentration (MIC) of the wild-type strain was determined to be 400 ng/mL, and that of KGU0377 was 25 ng/mL. MIC of the strains with plasmid-encoded palmitoyltransferase gene (KGU0381 and KGU0431) was partially recovered to 100 ng/mL. In a separate experiment, the lauroyltransferase gene-knockout mutant KGU0145 showed the MIC value between those of KGU0377 and KGU0381 (data not shown).
Mass spectrometric analysis of de-P-lipid A
Preparations of de-P-lipid A (see MATERIALS AND METHODS) from KGU0107, KGU0377, and two transformants with palmitoyltransferase gene were analyzed by MALDI-TOF MS with negative mode. The spectrum of KGU0107 showed a peak with four 3-OH-C 14:0 , one C 14:0 , and one C 12:0 (six fatty acids/lipid A), in addition to other peaks with fewer fatty acid molecules (data not shown). On the other hand, a major peak in the spectrum of KGU0377 was m/z 1323.8 (Fig. 2) corresponding to four 3-OH-C 14:0 without substitution of non-polar fatty acid. A very small peak of de-P-lipid A with four 3-OH-C 14:0 and one C 14:0 was additionally detected. By the introduction of the palmitoyltransferase gene (pagP in KGU0431), a clear peak with one C 16:0 and four 3-OH-C 14:0 (m/z 1561.9) was detected (Fig. 3) , indicating that one C 16:0 molecule was transferred to lipid A without C 12:0 and C 14:0 . De-P-lipid A from KGU0381 also showed the spectrum nearly identical to (Fig. 4) . This ion proved that C 16:0 in the lipid A resided in the proximal (reducing end) GlcN. In the next experiment, 3-OH-C 14:0 molecules ester-linked to GlcN, and not C 16:0 ester-linked to 3-OH-C 14:0 , were removed from LPS of KGU0431 by mild-alkaline hydrolysis described in MATERIALS AND METHODS, and the partially deacylated de-P-lipid A was analyzed by MALDI-TOF MS with positive mode. In the spectrum shown in Figure 5 , a peak (m/z 1053.6) with two glucosamine, two 3-OH-C 14:0 , and one C 16:0 positively charged with Na was detected, indicating that C 16:0 was located on 3-OH-C 14:0 amide linked to the C2-position of GlcN, and this GlcN should be the proximal GlcN as proven above by the results of Figure 4 . The composition of the other two peaks was also deduced and indicated in Figure 5 . With negative mode, peaks of the same molecules were also detected (data not shown).
IL-6-inducing activity
The IL-6-inducing activity of LPS from KGU0107, KGU0377, KGU0431, and KGU0221 was measured. The experiments were repeated several times, and the representative data from one experiment are shown in Figure 6 . IL-6 was strongly induced when U937 cells were stimulated by LPS from KGU0107 with the concentration from 0.1 to 100 ng/mL, but the induction was weaker when stimulated by LPS from KGU0377 in the range from 0.1 to 100 ng/mL. The activity was slightly recovered at the concentration of 100 ng/mL when LPS from KGU0431 was used for stimulation (Fig. 6a) . Compared to U937 cells, RAW267.4 cells did not show the obvious difference between LPS of KGU0107 and mutant strains, but the results showed the same tendency to those obtained with U937 cells. As shown in Figure 6b , the LPS of KGU0431 induced a slightly higher amount of IL-6 than the LPS from KGU0377. Interestingly, LPS from KGU0221, which lost C 14:0 , but maintained other structures, including the linkage position of C 12:0 , identical to that of wild-type LPS, induced a higher amount of IL-6 than that from KGU0431 in both experiments using U937 and RAW264.7 cells (Fig. 6a,b) .
DISCUSSION
Acyltransferase-knockout mutants of E. coli that have lost the branched structure of lipid A formed by C 12:0 and C 14:0 usually grow very slowly, or even stop growing at 37°C (7-9). They cannot produce enough LPS required to produce the robust structure of the outer membrane. In addition, the structure of less-acylated lipid A may cause an unstable outer membrane. However, the double-knockout mutant KGU0377 constructed in this study could grow at 37°C with about half the speed of that of the wild-type strain, and could grow as rapidly at 30°C as the wild-type strain. This mutant strain was useful for the present study and also for the future research to produce various kinds of artificial lipid A by the introduction of foreign acyltransferase genes. The mechanism of KGU0377 to grow rather rapidly is unknown at present, but a little amount of lipid A with C 14:0 produced by this mutant (penta-acylated lipid A, Fig. 2 ) may contribute to maintaining the minimum function of the outer membrane.
The transformants that harbor the plasmid-encoded palmitoyltransferase gene showed recovery of polymyxin B resistance, and grew as rapidly as the wild-type strain. These results suggest that only one molecule of C 16:0 can recover the suppressed biosynthesis and function of lipid A for growth. The pagP gene of Salmonella is usually described as a virulence factor of this pathogen, but the results of the present study suggest that palmitoyltransferase as well as the same enzyme of other species of Enterobacteriaceae has the general role of repairing the defective lipid A to survive in the environment and also in its host cells in the case of pathogens such as Salmonella (12, 13) .
In contrast to the recovery of function in the outer membrane, the addition of C 16:0 was not enough for the full induction of IL-6 in macrophage-like line cells, especially human line cells, U937. On the contrary, LPS from KGU0221 induced a larger amount of IL-6 than that from KGU0431, probably because C 12:0 is located at the original position, that is, on 3-OH-C 14:0 at C2' position. The results proved that the LPS receptor TLR4/MD-2 is highly specific to the asymmetric hydrophobic structure formed by C 12:0 and C 14:0 , and that the receptor has been evolved to recognize LPS released from the members of Enterobacteriaceae, especially from E. coli (1, 4) .
The amount of C 16:0 in the lipid A of E. coli is very small, and therefore crcA of E. coli (18, 19) is not expressed much compared with pagP of Salmonella. The present results suggest that these homologous genes have the same function to repair incomplete lipid A, but the expression of crcA in E. coli is usually suppressed in the chromosome of E. coli, probably because of the difference of survival strategy between these two species.
The linkage position of C 16:0 in Salmonella lipid A is reported to be at C2 of proximal GlcN. But we needed to prove the position of C 16:0 in the lipid A of the transformant strains because C 16:0 might be transferred to a different position from the original location when C 12:0 and C 14:0 are absent. In a previous report from another group (10), tandem MALDI-MS was used to clarify the linkage position of fatty acids. However, our present results showed that without tandem MALDI-MS, the linkage position of fatty acid can be confirmed. By the combination of oxonium ion detection and the removal of 3-OH-C 14:0 ester-linked to GlcN backbone by mildalkaline condition followed by single MALDI-TOF MS analysis, linkage position of all fatty acids in lipid A molecule can be elucidated. This method can be generally applied to chemical analysis of other bacterial lipid A.
In the present study, modifications of lipid A were investigated by using E. coli strains grown at 37°C without considering the effect of growth temperature; however, temperature-dependent modification of lipid A was reported on species of the genus Yersinia, including Y. pestis (23, 24) . It would therefore be interesting to examine the changes of fatty acid composition and acyloxyacyl structure, especially the ratio of C 16:0 , occurring by cultivation at 30°C or an even lower temperature. 
